using the mesoscale MM5 model driven by initial and boundary data from the European Centre for Medium Range Weather Forecasts (ECMWF). Firstly, the simulated precipitation is compared to estimates derived from mass balance measurements on the Icelandic ice caps.
INTRODUCTION
The geographical distribution of precipitation in Iceland is poorly known but very important for hydrological applications, both in general and particularly in the context of climate change. Therefore, an extensive task carried out in the recent VO/CE project (Jó hannesson et al. 2007;  further information on the Veður og orka -Climate and Energy (VO/CE) project can be found on the web: http:// www.os.is/ce) was concerned with modelling of precipitation and a compilation of precipitation datasets on a regular grid covering the whole country. These datasets provide the opportunity to model river runoff and glacier mass balance both in the current climate and also in a hypothetical future climate based on climate change scenarios.
Thus, climatological downscaling of precipitation is of great use for hydrological purposes. Furthermore, the MM5 model, using a similar set-up as used in this study, is in operational use in Iceland for the production of short to medium range weather forecasts. Improvements in the numerical tools do therefore benefit both the hydrology community as well as weather forecasting, although the interests of these two communities lie in different timescales.
The climate of Iceland is largely governed by the interaction of orography and extra-tropical cyclones, both of which can be described quite accurately by present-day atmospheric models. As a result, dynamical downscaling of the climate, using physical models, can be expected to
give reliable information about precipitation distribution, especially in the data-sparse highlands.
In this paper we compare dynamical downscaling of large-scale meteorological fields provided by the ERA40 reanalysis (Uppala et al. 2005) to precipitation estimates derived from mass balance measurements on the Icelandic doi: 10.2166/nh.2010.132 ice caps. The dynamical downscaling is done by using the mesoscale MM5 model (Grell et al. 1995) . We also use output from the MM5 model as input to the WaSiM hydrological model (Jasper et al. 2002) for the same six watersheds as used for validation purposes of a 15-year time series described by Rö gnvaldsson et al. (2007, hereafter referred to as RJO07) and compare the simulated discharge with the observed discharge.
Previous studies Bromwich et al. 2005) have shown the combination of the Grell cumulus scheme, the Reisner2 microphysics scheme and the MRF PBL scheme to be a reliable set-up for simulating precipitation over Iceland at 8 km resolution. 
MODELLING WITH THE MM5 MODEL
Atmospheric flow over Iceland was simulated for the period January 1961 through June 2006 using V3-7 of the PSU/NCAR MM5 mesoscale model (Grell et al. 1995) .
The domain used is 123 £ 95 points, centered at 648N and 19.58W, with a horizontal resolution of 8 km. There are 23 vertical levels with the model top at 100 hPa and model output is every 6 h. The domain set-up is shown in Figure 1 .
The MM5 model was used with initial and lateral boundaries from the ERA40 re-analysis project to 1999.
After that date, operational analyses from the ECMWF were used. The ERA40 data were interpolated from a horizontal grid of 1.1258 to 0.58 prior to being applied to the MM5 modelling system. The modelling approach differs from that used by Bromwich et al. (2005) . Instead of applying many short term (i.e. of the order of days) simulations and frequently updating the initial conditions, the model was run over a period of approximately six months with only lateral boundary conditions updated every six hours. This was made possible by taking advantage of the NOAH land surface model (Koren et al. 1999; Ek et al. 2003) .
For discussions regarding the use of limited-area models for regional climate studies and the use of run-off measurements for validation of precipitation simulated by atmospheric models we refer to RJO07 and references therein. In this paper we extend the RJO07 study to a 45-year period using a new version of the MM5 model and more glaciological and hydrological data. (1995, 2006a, pp 31 -37 Table 2 shows Figure 2 ) using data from V3-5 and 3 -7 of the MM5 model. "Starred" values include data for the 2003-2004, 2004-2005 and 2005-2006 Table 3 ). Here, non-scaled precipitation is used in the hydrological modelling in order to obtain an independent validation of the precipitation generated by MM5. For the 15-year period, the difference between modelled and observed discharge (denoted by Q meas in Table 3) Table 3 ) and simulated run-off for the longer simulation periods ranges between 2 3.0 and 5.0%.
PREVIOUS VERIFICATION OF SIMULATED PRECIPITATION

COMPARISON WITH GLACIOLOGICAL DATA
DISCUSSIONS
In this study, numerically simulated precipitation has been compared with non-conventional observations of precipitation, i.e. snow accumulation and run-off. This type of data only provides validation on a much longer timescale than conventional rain-gauge data, and the daily error in the precipitation downscaling remains unclear. However, the comparison with the observational data shows that the climatological values of the simulated precipitation are of good quality. Looking at a geological map of Iceland (cf. Figure 7 ) it is clear that these watersheds are in areas where the geological formations are relatively old, i.e. from the Tertiary or late
Tertiary periods. As a result the bedrock is dense with a low (2008)).
The longer simulation periods are, respectively, 1963-2001, 1971-2001, 1963-2001, 1976-2001, 1976-2001 and 1991-2004 . The discharge stations are, respectively; Vatnsdalsá River, Norðurá River, Fossá í Berufirði River, Hvalá River, Fnjó ská River and Hamarsá River. The location of the discharge areas is shown in (Figure 6 permeability and the groundwater flow is a negligible part of the total run-off.
There are two key differences between the MM5 model used in RJO07 and the current version. One is due to changes made in the Reisner2 microphysics scheme (Reisner et al. 1998) . Notably, V3 -5 used in RJO07 used the Kessler autoconversion scheme. Autoconversion is the process where cloud droplets collide and coalesce with each other and eventually form raindrops. As for V3-6, this scheme was swapped with that of Berry and Reinhardt as implemented by Walko et al. (1995) . The Kessler scheme has been known to produce too much precipitation upstream of mountains. (Koren et al. 1999; Ek et al. 2003) , is used in the MM5 model instead of the older OSU land surface model.
The NOAH LSM has been shown (Mitchell 2006) to better simulate soil heat flux and to reduce cold temperature bias, especially over sparse ground vegetation. This difference is sure to affect the formation of convective precipitation -2,000 --1,000 -1,000 --500 -500 --100 -100 -100 100 -500 500 -1,000 No data There is an overall improvement of the simulated precipitation when going from MM5 V3 -5 to MM5 V3-7. However, this improvement is both period-and site-dependent and, at some locations, the study shows a degradation in model performance. In general, V3 -7 gives less precipitation on the upstream slopes.
